Abstract-Retrospective dose assessment following acute radiation exposures during radiological incidents can be difficult and inaccurate due to the large uncertainties associated with dose estimation. However, rapid and accurate dose assessment is critical following an incident so that appropriate treatment can be provided to the patient as early as possible. Incident dose assessment relies heavily on biological dosimetry with corresponding large uncertainties for inhomogeneous exposures, resulting from the estimates of whole-body doses, while the assessment of absorbed doses to individual tissues might actually be more appropriate for acute radiation exposures. Incident exposure scenarios for orphan sources placed in a breast or back pants pocket were modeled using the International Commission on Radiological Protection computational reference male and female and the Monte Carlo N-particle code MCNP6 to compute absorbed dose conversion coefficients for organs of interest for monoenergetic photon and beta sources. The absorbed dose conversion coefficients are intended for use in conjunction with source information to rapidly estimate absorbed doses to organs of interest from radiological sources in one of the two pocket geometries. Absorbed dose conversion coefficients also have been calculated specifically for 60 Co, 137 Cs, and 192 Ir. Those absorbed dose conversion coefficients were applied to data from a radiological incident in Yanango, Peru, for comparison with published dose assessments; the results agree within 20%. The conversion coefficients are expected to provide an accurate tool for assessing doses for the modeled geometries, provided uncertainties due to the exact source-body geometry and exposure time are considered. Health Phys. 115(2): 281-294; 2018 
INTRODUCTION
INCIDENTS INVOLVING radiological sources which result in acute radiation injuries are relatively rare; however, the efficient and effective medical treatment of such incidents is often difficult due to the possible time delay in obtaining, and the magnitude of the uncertainties associated with, initial dose estimates for individual organs and the whole body. Treating physicians, in consultation with health physicists, rely on retrospective biological dosimetry (e.g., Rothkamm et al. 2013; Swartz et al. 2014; Ainsbury et al. 2011) , numerical dose reconstruction (e.g., Huet et al. 2009; Courageot et al. 2011) , and identifiable clinical scores (Parker and Parker 2007; Hu 2016) to determine the most suitable course of action for treatment of the patients.
The accuracy of retrospective dose estimates obtained by biological dosimetry has shown considerable variance even when samples were prepared from a single donor, were irradiated uniformly and ex vivo, and simulated homogeneous acute whole-body irradiation (Rothkamm et al. 2013) . Uncertainties in the dose assessment generally are significant (Ainsbury et al. 2017) and are expected to increase even further if the exposure of the body was nonhomogeneous or involved only select parts of the body (Prasanna et al. 2010) .
Alternatively for whole-body exposures, conversion coefficients have been developed to assess the whole-body effective dose from external radiation fields (ICRP 2012; Bellamy et al. 2016) . Conversion coefficients provide rapid dose estimates if parameters about the exposure (e.g., fluence, air kerma, or the radionuclide and the activity) are known. However, those conversion coefficients currently are limited to uniform whole-body exposures and are strictly accurate only for the International Commission on Radiological Protection (ICRP) reference person (ICRP 2002) . Recent work has expanded the scope of conversion coefficients to include more diverse racial backgrounds and ages other than adults (Chang et al. 2017a; Chang et al. 2017b; Lu et al. 2017) .
In many accident scenarios, however, whole-body dose conversion coefficients may not be applicable, as orphan sources or other partially shielded radiological sources may result in partial and/or nonuniform body exposures instead. In these scenarios, the calculation of dose to the whole body might not be of primary concern in the accident response and patient treatment, but partial-body doses and organ absorbed doses might be more relevant in gaining an understanding of the expected health effects in the patient. Using computer simulation models for the ICRP reference phantoms, the parameter of changing body posture has been investigated for external photon beams (Galeano et al. 2016) . However, dose conversion coefficients for sources in proximity to the body and generating a nonuniform radiation field with respect to the organs in the body have not been reported in the literature to date.
Most recent studies to compute dose conversion coefficients have used voxelized phantoms rather than more traditional stylized phantoms (Bellamy et al. 2016) , allowing for increased anatomical accuracy in the analysis. Voxelized phantoms are generated from computed tomography (CT) or magnetic resonance imaging (MRI) (Xu and Eckerman 2010) . The ICRP computational phantoms were created using CT scans of individuals who were similar in size and stature to the established reference male and female. The scans were subsequently modified to match the anatomical phantom characteristics with the corresponding ICRP reference values. Most recent developments in the computational treatment of anatomical phantoms involve the evolution of voxelized to mesh-type phantoms (Kim et al. 2017) .
This current study aims to provide tools for rapid emergency dose assessment to aid in decisions concerning the necessary medical attention and possible treatment in radiological incidents and accidents. Average dose conversion coefficients (D) in terms of the absorbed dose per particle emitted have been computed for individual organs of the ICRP reference male and reference female phantoms, including, but not limited to, those organs and tissues of highest concern during acute radiation exposures (IAEA 2006) : the red bone marrow, colon, skin, and reproductive organs.
Retrospective dosimetry by computational techniques is often difficult, as each emergency situation is vastly different with respect to the exact radiation source location and the time of exposure. Common event scenarios, however, include placing the radiological source in the breast pocket of a shirt or the back pocket of a pair of pants. This study utilizes the voxelized ICRP reference male and reference female phantoms (ICRP 2009) in concert with Monte Carlo N-particle (MCNP) simulations for photon and beta sources in a wide range of emission energies to compute dose conversion coefficients when a point source is placed in the breast or back pocket.
To assess the accuracy of the dose conversion coefficients obtained, organ doses are assessed and compared to values reported in the literature for the accident in Yanango, Peru (IAEA 2000) . The Yanango accident involved an abandoned 192 Ir radiography source. While the dose conversion coefficients obtained in this study were calculated for the range from10 keV to 10 MeV in discrete increments of no less than 10 keV, in this comparison the absorbed doses in the individual organs were computed by energy interpolation and appropriate emission yield scaling for 192 Ir.
MATERIALS AND METHODS
Radiation transport in the ICRP computational phantoms was simulated using the MCNP code suite, version MCNP6 (Goorley et al. 2012) . The ICRP reference male phantom is 1.76 m tall, has a mass of 73 kg, and is composed of 1,946,375 voxels, each with a volume of 36.54 mm 3 . The ICRP reference female phantom is 1.63 m tall, has a mass of 60 kg, and is composed of 3,886,020 voxels of a volume of 15.25 mm 3 each (ICRP 2002; ICRP 2009 ). The sources were modeled as monoenergetic point sources with no encapsulation, emitting either photons or electrons. Two different accident scenarios were investigated: (1) a radiological source placed in the breast pocket of a shirt or laboratory coat, and (2) a source placed in the back pocket of a pair of pants. In the reference male model for the dose due to the source in the breast pocket, the source is located approximately 5 mm from the skin, 21 cm below the shoulder, and 8 cm from the left edge of the torso (Fig. 1) . For the source in the back pocket in the reference male model, the source is located approximately 5 mm from the skin, 10 cm from the edge of right hip, and 82 cm up from the bottom of the right foot (Fig. 2) . For the reference female model with the source placed in the breast pocket, the source is located approximately 5 mm from the skin, 16 cm below the shoulder, and 5.5 cm from the left edge of the torso. The source in the back pocket in the reference female model is located approximately 5 mm from the skin, 10 cm from the edge of the right hip, and 82 cm up from the bottom of the right foot. Coordinates of the breast pocket sources were determined relative to internal organs, such as the heart, to best approximate a representative location. The back pocket sources were approximately centered on the back of the right leg and were placed approximately at the height of the inseam, which is very similar for the male and female phantoms. Particle emission was modeled as monoenergetic and one particle type (electron or photon) at a time. Twenty-nine different energies were simulated in the range from 10 keV to 10 MeV for each accident scenario and phantom combination.
The computational phantoms are divided into 141 organs, each with its own unique identifying number. The segmented organs each correspond to a particular cell in MCNP6 (Goorley et al. 2012) . The *F8 tally in MCNP6 was used to calculate the energy deposited by the photons or electrons in each of the cells, following earlier work which established that the energy deposited can be used as a surrogate for the absorbed energy (Bellamy et al. 2016) . Their results also allowed for the simulations to be run in either mode P or mode E, without the necessity of running them in mode PE instead, which provided for significant savings in computation times.
Absorbed dose conversion coefficients per unit of a particular particle type emitted from the source are calculated from the energy deposited in an organ by:
where the D is computed in Gy particle
À1
, E is the energy deposited in MeV, and m is the mass of the target (organ) in kg. Each MCNP6 simulation yielded a value for E for all 141 organs, so the average absorbed dose conversion coefficient could be calculated for any organ of interest. The organs of main interest for this study are the heart, stomach (and the rest of the GI tract), lungs, tissue of the breast, skin of the trunk, brain, skeleton, femur, gonads, bladder, and pelvis.
For the red bone marrow, the absorbed dose conversion coefficients were calculated according to:
where B is the index for the 13 bones in ICRP 89 (ICRP 2002) for which the mass of the red bone marrow fraction f B is provided. The absorbed dose to the bone marrow in a particular bone is the same as the absorbed dose in that bone as a whole, since the mass of the bone includes the bone marrow. The ICRP fractions of red bone marrow are provided in Table 1 .
RESULTS AND DISCUSSION
The masses and organ identification numbers of the organs of interest for the ICRP computational phantoms are provided in Table 2 . Some organs are separated into more than one segment; in those cases, the absorbed dose conversion coefficient is calculated by summing the energy deposited in each segment and dividing by the total sum of the mass of the segments. The resulting D values are provided in Tables 3-7 and shown in Figs. 3-7. For beta emission, D per beta particle is provided only for the skin of the trunk and breast tissue due to large uncertainty in the MCNP simulations, as only MCNP results with less than 5% total uncertainty are tabulated.
Using the calculated D values, organ absorbed doses (D T ) from any radionuclide can be calculated by using the superposition principle and summing the absorbed dose contribution from each photon or electron that the radionuclide emits. Therefore, if the energies of the emitted photons or electrons (E), yield of the emitted photons or electrons (Y), activity of the source (A), and time of exposure (t) are known, (D T ) is computed according to:
where j is the index for gamma or beta emission of a particular energy E. D values for energies other than the energies specified in the tables can be obtained by interpolation of the tabulated data. The general approach to computing D values for beta emitters is more involved, as the emission spectrum has to be approximated from a sequence of suitable energy interpolations paired with the appropriate emission yield. In essence, D represents the organ or tissue absorbed dose per emitted particle, ∑ j D j Â Y j represents the total absorbed dose to the organ or tissue per radioactive decay, and D T represents the total absorbed dose to the organ or tissue due to all radioactive decays in a certain period of time t.
The absorbed dose to the breast tissue was found to be very small, or negligible, for sources in the back pocket, for both males and females. Corresponding data are provided in Table 7 for photon energies which provided finite and converged results in the absorbed dose computation; all other entries for those sources are set to 0.
The computation of the absorbed dose conversion coefficients for red bone marrow utilized a simplified model of the bone and did not include more detailed considerations with respect to potential differences in the dose to the spongiosa, active marrow, and endosteum. However, these differences have been found to be significant only at low photon energies (ICRP 2010) . Most radionuclide sources of practical interest for a radiological incident or accident usually emit gamma radiation at energies where there is no observable difference between the doses in those three regions of the bone. At lower energies, below 200 keV for active marrow and below 80 keV for endosteum, absorbed doses are expected to be somewhat overestimated, such that bone marrow absorbed dose estimates would err on the conservative or protective side.
The data obtained from this study can be used to calculate the absorbed dose from any given source. Tables 8 and  9 , as examples, provide absorbed dose conversion coefficients per radionuclide decay for 60 Co, 137 Cs, and 192 Ir for the organs of interest. Beta radiation is considered only for the skin of the trunk and for breast tissue because it deposits so much less energy to internal organs that it is considered negligible for these radionuclide conversion coefficients. The beta contribution to the skin and breast tissue absorbed dose was calculated from published beta spectral data (ICRP 2008) . Emission probability density functions for beta emissions were approximated and discretized from the differential probability data by multiplication with the corresponding bin width. For computational efficiency, the discrete beta emission probabilities subsequently were com- Cs, for which the final energy bin was 0.8-1.2 MeV). The weighted average energy and the total emission probability for each extended energy bin are shown in Table 10 and were used to calculate the absorbed dose conversion coefficients for the Table 3 . Absorbed dose conversion coefficients for photons from a source in the breast pocket of a male (Gy photon Ir radiography source with an activity of 1.37 TBq. The exposed individual placed the source in his back pants pocket for approximately 6.5 h; for the duration of the exposure, the individual was estimated to have remained in a sitting position for 3 h and in a standing position for 3.5 h. The absorbed dose estimates provided for the organs had been obtained from Peruvian physicists at the Instituto Nacional de Enfermedades Neoplasicas (INEN) using the Prowess 3000 (Small Systems Group Inc., Chico, CA, U.S.) treatment-planning computer system. The absorbed dose estimates by INEN did not provide an average dose over the organ but instead INEN physicists had computed the dose at a particular point in the organ. The absorbed doses calculated using the D values developed in this study take into account all the photons emitted by 192 Ir and the beta contributions utilizing the discretized beta spectra shown in Table 10 .
The estimated absorbed dose to the bladder obtained by INEN and from using the corresponding D is 18 Gy and 14.8 Gy, respectively, while the estimated absorbed dose to the gonads from the two methods is 23 Gy and 20.3 Gy, respectively. A separate retrospective dosimetry study using MAX/EGS4 Monte Carlo calculations resulted in dose estimates for the bladder and gonads of 6.9 Gy and 6.0 Gy, respectively (Kramer et al. 2005) . The dose estimates obtained by INEN and using the absorbed dose conversion coefficients computed in this study agree within 18% and 12% for the bladder and the gonads, respectively. The difference between the INEN and the MAX/EGS4 results was noted earlier (Kramer at al. 2005 ) but could not be explained absent more detailed information on the exact model used by INEN. The estimated absorbed dose to the femur obtained by INEN and using the corresponding D is 143 Gy and 36.3 Gy, respectively. The average absorbed dose to the femur as computed using the MAX/EGS4 model is 140 Gy, with a range of doses from 178 Gy at the femur entrance to 101 Gy at the femur exit. Additional Monte Carlo calculations conducted on behalf of the IAEA provided absorbed doses of 15 Gy and 5 Gy at the entrance and exit of the femur, respectively (Kramer et al. 2005) . While the average absorbed dose from MAX/EGS4 appears to of the radiation source, the significantly smaller sourceto-femur distance could account for this larger difference between the various dose estimates, as the absorbed dose calculated using D is averaged over the entire femur. This results in a lower estimate using D due to the absorbed www.health-physics.com dose decreasing at points throughout the femur as the distance from the source increases.
While the calculated D values are expected to be accurate for retrospective absorbed dose estimates, there can be major contributions of uncertainty in the computation of the estimated dose from a radiological accident. Time of exposure is generally self-reported in those radiological accidents; since time has a linear relationship with the absorbed dose, an uncertainty in the actual exposure time can result in a major uncertainty contribution to the absorbed dose. A second contribution to the dose uncertainty comes from the location of the source in relation to the body. The D values are calculated assuming the source is approximately 5 mm from the body and does not move. In an accident scenario, the source is not stationary, and the small movement of the source will result in uncertainty in the absorbed dose, especially for points closest to the source. It should also be noted that the D values are calculated using reference male and reference female (ICRP 2002 (ICRP , 2009 , so if the exposed individual varies greatly from the reference person, the dose calculated using D will have to be associated with a larger uncertainty.
CONCLUSION
In this study, dose conversion coefficients for photons and betas were calculated to provide a tool for the rapid estimate of absorbed doses to organs following a radiological accident where a radioactive source is placed in the breast pocket of a shirt or lab coat or in the back pocket of a pair of pants. The absorbed dose conversion coefficients were calculated using MCNP6 and the ICRP computational male and female phantoms with the source placed approximately 5 mm from the body. A comparison between organ absorbed doses reported by the IAEA and others for the radiological accident in Yanango and doses calculated using the absorbed dose conversion coefficients developed in the course of this study showed some variation, but D values overall appear reasonable. The general agreement within 20% with some organ absorbed dose estimates reported by the IAEA seems to indicate that the absorbed dose conversion coefficients can be used to reliably estimate organ absorbed doses. Although the D values are expected to be an accurate tool to estimate doses, major uncertainties in time of exposure and source geometry need to be considered when assessing the doses following an accident. 
